Summary.
Thymic nurse cells (TNCs) were studied using an animal model, BUF/Mna rats, which spontaneously develop benign thymomas of epithelial origin with age. The unusual increment and high availability of TNCs in this thymus enabled us to analyze TNCs directly either in tissue sections or on smears after enzymatic isolation.
No structural or phenotypical abnormality in these TNCs was detected as assessed by electron microscopy and immunohistochemistry.
Typical TNCs were widely distributed in the cortical areas but not in the medullary areas. They showed characteristic euchromatic bright nuclei and enclosed intra-TNC cells with an investment of relatively light cytoplasm with abundant small vesicles and roughendoplasmic reticulum. The intra-TNC cells were mostly double positive (CD4+CD8+) cortical thymocytes, though macrophage populations could also be distinguished by their content of membrane-bounded phagosomes, multivesicular bodies and other inclusion bodies, and by their lack of cytoskeletal keratin filaments. High voltage electron microscopy revealed that intra-TNC cells were separated into several compartments by extremely thin internal veils of the TNC processes. The outer veils of the TNCs were continuous with occasional small gaps through which intra-TNC cells could migrate in and out of the compartments.
Immunohistochemical analyses revealed that the TNCs per se were positive for MHC class I and class II, keratin and thymulin, but lacked both lymphocyte and macrophage markers. Among all adhesion molecules tested, ICAM-1 was strongly expressed on almost all TNCs. A minority of TNCs also contained either LFA-1a or LFA-1B positive cells.
These results suggest that TNCs may form a rather dynamic microenvironment for T cell development where either nursing or clearance of thymocytes take place, depending on the cellular components of intra-TNC cells. Macrophage populations may also play crucial roles as the third component within TNCs.
Thymic nurse cells (TNCs) were first discovered by WEKERLE and KETELSEN (1980) in suspensions of enzymatically disintegrated murine thymuses. They are defined as the specialized epithelial or stromal cells that form unique multi-cellular complexes by enclosing thymocytes within these (WEKERLE et al., 1980) . In vitro studies have revealed the possible roles of TNCs as one of the most important components of the thymic microenvironment for T cell development, such as the presentation of self antigens (LORENZ and ALLEN, 1989) and non-self antigens (MARRAcK et al., 1989) , both positive selection (RIEKER et al., 1995; PEZZANO et al., 1996) and negative selection (AGUILAR et al., 1994; HIRAMINE et al., 1995) , or triggering leukemogenesis (HOUBEN-DEFRESNE et al., 1982) . However, controversy remains on their actual status and functions being manifested in situ (RITTER et al., 1981; KYEWSKI and KAPLAN, 1982 ; VAN DE WIJINGAERT et al., 1983; TOUSSAINT-DEMYLLE et al., 1990) . This may be due to the fact that TNCs can be obtained only in very young animals and that their absolute number within a thymus is too small to analyze precisely in situ or in vivo.
We previously reported that TNCs increased in the thymus of BUF/Mna rats and gave evidence of their reality in situ (EzAKI et al., 1991a, b) . The rats spontaneously start developing benign thymomas of epithelial origin usually at 9-15 months of age (EZAKI et al., 1990) 
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T. EZAKI and Y. UEHARA: et al., 1986) . The unusual increment of TNCs and their availability led us to believe that we could directly characterize them in detail and to elucidate their biological roles in the T cell development and pathogenesis of the thymoma.
The present study deals with both morphological and functional aspects of TNCs in situ with particular reference to cellular interactions within them, analyzing the cellular complexes electron microscopically and immunohistochemically.
This provides structural bases for characterization of the cellular complexes as a specialized microenvironment for T cell development with particular reference to their location, cellular components and their dynamics in situ. To avoid confusion of the nomenclature in this study, we shall use the following terms: the 'TNC' for the epithelial cells per se of the cellular complex, intra-TNC cells' for non-epithelial cell components that are enclosed by the TNC, and the 'TNC complex' for the whole structure of the cellular complex.
MATERIALS AND METHODS

Animals
Inbred BUF/Mna rats and DA rats were bred in our Laboratory Animal Center for Experimental Research. DA rats were used as normal non-thymoma controls. Unless otherwise stated, male rats, more than three animals in each group, were used for the following analyses.
Antibodies and other reagents
In order to examine phenotypes of TNC complexes and the possible involvement of adhesion molecules among them, we used the following mouse monoclonal antibodies: 0X19 (anti-CD5), W3/25 (anti-CD4), 0X8 (anti-CD8) and 0X7 (CD90 or anti-Thy-1) (purchased from Sera-Lab., Sussex, UK); 0X34 (anti-CD2), 0X39 (anti-CD25 or IL-2 receptor), 0X18 (anti-MHC class I) and 0X6 ( , 5100 (Advance Co., Ltd., Tokyo, Japan), fibronectin (Chemicon, Temocula, CA, USA), laminin (LSL Co., Ltd., Tokyo, Japan) and keratin (DAKO Corp., Santa Barbara, USA) were also used. As secondary reagents, a horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin (Ig) antibody (DAKO), an alkaline phosphatase (ALP)-conjugated rabbit anti-mouse Ig antibody (DAKO) and an HRP-conjugated goat antirabbit Ig antibody (Bio-Rad Lab., Richmond, USA) were used in the indirect enzyme-immunostaining. The HRP reaction was developed at room temperature for 10-20min in a solution of either 10mg of 3'-diaminobenzidine hydrochloride (DAB: Dojin Chemicals, Kumamoto, Japan) in 30ml phosphate buffered saline (PBS) with 10ul of 30% H2O2 (HRP-DAB).
Isolation of TNCs
Isolation of TNCs has been described in detail in a previous report (EZAKI et al., 1991b) . Briefly, thymuses were removed and minced into small pieces with scissors in Dullbecco's calcium-and magnesiumfree PBS (pH 7.2). Thymus fragments were placed into a dissociation bottle containing 20ml of 0.25 trypsin (Wako Pure Chemical Industries, Osaka, Japan) in PBS with 1mg/ml collagenase (Wako) and 25ug/ml deoxyribonuclease I (Sigma). The dissociation was achieved by low-speed stirring (about 200 rpm) for 20min at room temperature. This enzymatic digestion did not affect the efficiency of immunostaining in the subsequent phenotype analyses. After the enzymatic digestion, TNCs were isolated by four or five runs of sedimentation at 1g according to the previous methods (WEKERLE et al., 1980) .
Tissue preparation for histology and immunohistochemistry
Thymuses were fixed in Carnoy's fixative, dehydrated in ethanol and embedded in paraffin. Four to 6um thick sections were stained with hematoxylin and eosin. For immunohistochemistry, thymuses were freshly frozen in liquid nitrogen, and 6um thick cryosections of these tissues were made, air-dried, and then fixed in acetone for 10 min at room temperature. Cytosmears of the isolated TNCs were also fixed in the same way. For staining, the indirect immunoenzymatic method was employed as described previously (EzAKI et al., 1995) . Finally, the samples were lightly counterstained with hematoxylin. Positive staining for various markers was determined as either the marginal pattern of TNCs or the honeycomb-like pattern of intra-TNC cells by bringing them individually into focus under a light-microscope. All negative controls stained either with unrelated mouse monoclonal antibodies or in the absence of the first specific reagents showed no or only a negligible level of background stain.
Electron microscopical analyses
Under anesthesia with ether, the thymus was perfused retrogradely via the abdominal aorta with 0.1 M phosphate buffer (pH 7.2), and then with 2 paraformaldehyde and 2.5% glutaraldehyde in the buffer. After perfusion, the thymus was excised and cut into small blocks, and then immersed in the same fixative for a further 2h. The blocks were washed in distilled water and post-fixed with 2% osmium tetroxide for 1h at 4C. After rinsing in distilled water the specimens were block-stained with uranyl acetate overnight at 4C in the dark, dehydrated in a graded series of ethanol, and then embedded in Epon 812 (TAAB, UK). Semithin sections (0.3um thick) were cut and stained with 1% toluidine blue. Ultrathin sections (about 70nm thick) were stained with uranyl acetate and lead citrate and examined with a JEOL 100 CX at 100kV.
For high voltage electron microscopic image analyses, thymuses were perfused through the heart by heparinized saline followed by 4% paraformaldehyde and 0.05% glutaraldehyde in 0.1M phosphate buffer (pH 7.2). The small tissue blocks of the thymus were immersed in a graded series of sucrose solution up to 30% overnight, and then frozen in liquid nitrogen. Cryosections, 50um thick, were cut, rehydrated in 0.01M phosphate buffered saline (pH 7.2) and immunoreacted with a rabbit anti-keratin antibody (DAKO). An HRP-conjugated goat anti-rabbit Ig antibody (Bio-Rad) was used as a secondary antibody for the indirect enzyme-immunostaining.
The immune reactions were developed and colored with DAB. Sections were dehydrated, flat-embedded in Epon-Araldite mixture on glass slides, and examined first with light microscopy to localize TNCs. Small pieces of sections containing TNCs were trimmed out with a razor blade and mounted on epoxy blocks. Serial 5um thick sections were cut with an ultramicrotome and mounted on 75-mesh double-copper grids. The specimens were examined in a Hitachi H1250 electron microscope operated at 1,000kV (at National Institute for Physiological Sciences, Okazaki). Stereo-pairs of pictures, +8 tilted, were taken with the same magnification using a side-entry rotation tilt stage.
RESULTS
In situ localization of TNCs
Thymuses from 9-month-old male BUF/Mna rats were examined, since the increment of TNCs starts around this age (EZAKI et al., 1991b) . Numerous TNCs were seen scattered throughout the cortical areas, but essentially none in the medullary areas (Fig. 1) . They could be easily identified as densely packed cellular complexes (TNC complexes) with a relatively round or oval shape. The size of TNC complexes varied from 20 to 150um or more in diameter. The investment of the individual TNC complex was keratin-positive ( Fig. 2) , indicating that TNCs belong to an epithelial lineage. In semithin sections of samples from the same-aged rats, a large euchromatic, round or oval nucleus with one or two prominent nucleoli was one of the typical features of the TNCs (Fig. 3) . In the control DA rats, on the contrary, there were scarcely such cellular complexes in tissue sections of the thymus, and far fewer TNCs were obtained after enzymatic digestion of the thymus (data not shown).
Fine structural characterization of the TNC complexes
Under an ordinary transmission electron microscope, TNCs usually have euchromatic bright nuclei, with their generally light cytoplasm containing abundant small vesicles and rough-endoplasmic reticulum (Fig.  4) . Observations showed large vacuoles and mitochondria often accumulated in the perinuclear cytoplasm of TNCs. Bundles of cytoskeletal keratin filaments (or tonofilaments)
were also frequently observed in the cytoplasm.
The cells inside the TNC (intra-TNC cells) were mostly lymphocytes with their typical nuclei at various differentiation stages. The vast majority of intra-TNC cells were small size heterochromatic cortical thymocytes. There were also medium or large lymphoblasts with euchromatic nuclei or mitotic cells. Another noticeable type of intra-TNC cells was the macrophage population, which could be distinguished from others by their large content of membranebounded phagosomes, multivesicular bodies, and other inclusion bodies (Fig. 5) . In their cytoplasm, however, these cells lacked cytoskeletal keratin filaments (also see a typical macrophage outside of TNC complexes in Figure 8 ). These intra-TNC cells were separated into several compartments by extremely thin internal veils of TNC processes (Fig. 4 , also see Fig. 9 ); in each compartment, the intra-TNC cells were either loosely enveloped or packed tightly in their host TNCs. So far as has been examined, no distinct junctional specialization seems to exist at the contact areas between intra-TNC cells and the host TNCs, nor have any clear desmosome-like structures between TNCs and other surrounding epithelial cells been observed.
In the cortical areas, there were also atypical epithelial cells with some characteristics of TNCs. A representative of such cells is shown in Figure 6 . These had a huge, round cell body (20-50um or more in diameter) with only a few lymphoid cells, some vacuoles and a lot of phagosomes or inclusions. The periphery of the cell body was irregular with many ruffled processes and notches. Electron micrographs of these cells have revealed that they contain cytoskeletal keratin filaments in their cytoplasm (figure not shown). The clustering of such epithelial cells containing various amounts of apoptotic bodies or electron-dense bodies and some bright vacuoles was also observed (Fig. 7) . In separate areas from these epithelial cells, there were also quite a few typical macrophages that phagocytosed apoptotic bodies (Fig. 8) . The macrophage had an irregularly shaped bright nucleus, many phagosomes, multivesicular bodies and other inclusion bodies, but lacked cytoskeletal keratin filaments.
In order to investigate the three-dimensional structures of TNC complexes, 5um thick resin sections of thymuses were observed under a high voltage electron microscope at 1,000kV. A stereoview of two adjacent TNC complexes clearly demonstrated that, inside the TNC complexes, extremely thin veils of TNC processes separated intra-TNC cells into several compartments (Fig. 9) ; both the size of the compartments and the number of cells enclosed varied. An empty cavity was even found, which may indicate the emigration of intra-TNC cells. Another Fig. 4 . Electron micrograph of a TNC in the thymus of a 9-month-old BUF/Mna rat. The TNC (NC) encloses many thymocytes with relatively thin veils of cytoplasm containing abundant small vesicles and rough endoplasmic reticulum. The thin processes of the TNC further separates thymocytes into small groups, forming several compartments within TNC. Cytoskeletal keratin filaments are also evident in forms of either thick bundles (arrows) or rather dispersed thin filaments. x5,500
Fig. 5. Electron micrograph of a TNC in the thymus of a 9-month-old BUF/Mna rat The TNC encloses not only lymphocytes but also a macrophage x9,400 Inset. At low magnification to explain the cellular boundaries, the TNC is outlined by an unbroken line, the macrophage by a dotted line TNC (NC), intra TNC thymocytes (L), intra TNC macrophage (M). x1,850 stereoview of a TNC complex revealed that the complex was not an entirely closed structure (Fig.  10) . A few lymphoid cells appeared to migrate in or out of the TNC through gaps in the TNC investment. The penetration of lymphoid cells through a gap of TNC veils was also recognized under a conventional transmission electron microscope (Fig. 11) .
Immunohistochemical characterization of TNCs and intra-TNC cells
In order to investigate possible cellular interactions within TNC complexes, the immmunostainings of various antigens including adhesion molecules and extracellular matrices were performed, using both smears of isolated TNC complexes and tissue cryosections (Table 1) . More than 90% of TNCs were strongly immunoreactive with MHC class I and class II, Thy-l, thymulin and keratin. These markers were also positive for other types of epithelial cells, but the staining intensities of these markers all varied. TdT and S100 were also expressed in the majority (more than 75%) of TNCs. Typical markers for T cells (such as CD4, CD5, CDS, CD25 and TcRaB) and for macrophages (such as ED1, ED2 and ED3) were all negative. All the adhesion molecules and extracellular matrices tested were also negative, except for ICAM-1 and laminin. ICAM-1 was strongly positive are dominant with some negatives, +: more than 75% of them are positive, ++: almost all positives, ?: not decisive. for almost all TNCs (more than 90% positive) both on smears and tissue sections (Figs. 12, 13) . Laminin was only faintly expressed in less than the half of TNCs, though some of them were stained relatively strong.
On the other hand, more than 90% of intra-TNC cells were positive for MHC class I and CD5. The vast majority of intra-TNC cells were double positive for CD4 and CD8. Fifty to 70% of intra-TNC cells expressed CD2 and CD90 (Thy-1). Most of intra-TNC cells also expressed TcRaB, R73 antigen, but not CD25 (IL-2 receptor). In addition, one-fifth to onethird of the TNCs contained ED1 and/or ED2 positive cells or MHC class II positive cells, indicating the presence of macrophage population inside the TNCs. A minority of the TNCs also contained either LFA-1a or LFA-1B positive cells, but absolute numbers of these populations within the TNC were relatively small. Other antigens tested could not be detected in intra-TNC cells.
DISCUSSION
The aim of this study has been to elucidate the actual status of TNCs in situ using the BUF/Mna rat thymus as an animal model. The unusual increment and high availability of TNCs in this rat thymus have enabled us to analyze TNCs directly both in tissue sections and on smears after isolation.
The present study clearly demonstrated that TNC complexes do actually exist in situ, though there have been arguments against this (KYEWSKI and KAPLAN, 1982; TOUSSAINT-DEMYLLE et al., 1990) . The results provided detailed morphological information on TNC complexes and further confirmed our previous observations by light microscopy (EZAKI et al., 1991a) . Typical TNC complexes, as originally reported in vitro by WEKERLE et al. (1980) can be readily seen in the thymus of BUF/Mna rats and are distributed in the cortical areas but not in the medullary areas. The location or origin of TNCs was in line with that of VAN VLIET et al. (1984) . In contrast, TOUSSAINT-DEMYLLE et al. (1990) concluded that their isolated TNCs could be derived from all parts of the thymus including the medulla and corticomedullary junction. Since these investigators counted all cellular complexes obtained by enzymatic digestion, their medullary TNCs could also be an isolation artifact or other cell type. We have actually noticed that, on cytosmears of TNC complexes prepared by the enzyme digestion, a considerable proportion of the TNC-like cellular complexes were identified as macrophage populations by their surface phenotypes and acid phosphatase activity (unpublished data). In addition, these macrophages usually contained only a small number of thymocytes. No particular association of TNCs with blood capillaries ( VAN DE WIJN-GAERT et al., 1983) could be recognized in this study.
In general, no structural or phenotypical abnormality in the TNC complex of BUF/Mna rats was detected as assessed by electron microscopy and immunohistochemistry.
Ultramicroscopically, the TNCs have euchromatic bright nuclei and a relatively light cytoplasm with abundant small vesicles and rough endoplasmic reticulum. The abundance of these organelles or large vacuoles may reflect the active production of some kind of factors or hormones from TNCs, such as thymulin. Although typical gap junction-like cell contact (ALVES et al., 1995) between TNCs and intra-TNC cells was rarely seen, very close associations between them were often observed in the present study. Furthermore, TNCs did not appear to form any desmosome-like tight contacts with other surrounding epithelial cells. This may be the main reason for the fact that TNCs even look like the isolated cellular complexes in ordinarily fixed tissue sections. Immunohistochemical analyses revealed that the TNCs per se were positive for MHC class I and class II, keratin and thymulin, but lacked both lymphocyte and macrophage markers. The vast majority of intra-TNC cells were double positive (CD4+CD8+), CD5+, CD2+ and CD90+ typical cortical thymocytes; these had characteristic nuclei of normal thymocytes at various maturation stages as assessed by electron microscopy. All these microstructural and phenotypical features of the TNC complexes were in agreement with those of other species (WEKERLE et al., 1980; RITTER et al., 1981; VAN VLIET et al., 1984; PENNINGER et al., 1994) .
In addition to these general features of TNC complexes, the present study has also provided several important findings concerning the functional significance of TNCs. First, macrophage populations could be detected quite often inside TNCs, although almost all intra-TNC cells were cortical thymocytes. Some investigators have reported that TNCs per se contain some endosomal and lysosomal machinery which may be involved in antigen processing (PENNINGER et al., 1994) ; others have reported that macrophages in the inner cortex can form atypical nurse cell-like cellular complexes with lymphocytes (TOUSSAINT-DEMYLLE et al., 1991) . However, it is probable that all these investigators might have missed macrophage populations co-localizing within the cellular complexes. In this study, the presence of macrophage populations within the TNC complexes has been clearly demonstrated both electron microscopically and immunohistologically.
Our findings suggest a possibility that macrophages may also play crucial roles in various functions of TNCs, such as either positive (PEZZANO et al., 1996) or negative selection (TOUSSAINT-DEMYLLE et al., 1991) , or the clearance of apoptotic thymocytes (AGUILAR et al., 1994) . This provides further supporting evidence for our previous hypothesis, that of multicellular interactions within the TNC complexes (EZAKI et al., 1991b) .
Second, we have demonstrated that intra-TNC cells are separated into several compartments by extremely thin internal veils of TNC processes, and that they appear to actively migrate in or out of the TNC complexes through the outer veils of the processes. Although the actual biological significance of compartmentalization has yet to be clarified, it may be quite effective and useful for the process of differentiation and migration of intra-TNC thymocytes that TNCs pack and embrace them in several separate groups for a certain period of time. The compartmentalization may also reflect the various maturation stages of intra-TNC thymocytes, but this should be further elucidated. Using scanning electron microscopy, VAN EWIJK (1988) reported that lymphoid cells showed signs of migration between various types of cortical epithelial cells including undefined TNC-like structures. An evaluation of cell division kinetics of intra-TNC cells has led to the speculation that some thymocyte fractions leave TNC complexes whereas others remain within them (BRELINSKA, 1989) . To our knowledge, however, the data presented here is the first solid evidence that intra-TNC cells migrate through the wall of typical TNCs in situ, Therefore, we believe that TNC complexes are not entirely closed or static structures but rather dynamic structures in terms of cellular traffic through the wall of TNCs, as suggested by VAN EWIJK (1988) . Certain types of cell adhesion molecules or an extracellular matrix might play some roles in the intra-TNC cell migration. Among these, ICAM-1 was shown to be strongly expressed on almost all TNCs, and some TNCs contained cells with either LFA-la or LFA-1B markers, the ligands for ICAM-1. In vitro studies have also revealed that classical cell adhesion molecules (ICAM-1) can mediate intrathymic T cell migration and differentiation (NONOYAMA et al., 1989; SINGER et al., 1990) . Although laminin was only faintly expressed in the TNCs, it may also mediate the cell traffic within TNCs, since typical extracellular matrices (fibronectin, laminin) are known to mediate the release of thymocytes from TNCs (SAVINO et al., 1993; VILLA-VERDE et al., 1994) . Exogenous interferony and tumor necrosis factor-a were also reported to stimulate the interaction between TNCs and intra-TNC cells in vitro (DEFRESNE et al., 1990) , probably via extracellular matrices and their receptors (LAGROTA-CANDIDO et al., 1996) . Third, atypical epithelial cells which contained much smaller numbers of lymphoid cells and various types of phagosomes including apoptotic bodies were observed in the cortical areas. Since the number of intra-TNC cells and the stages of their maturation cycle reflect the type of TNC complex (BRELINSKA et al., 1991) , the atypical epithelial cells could be transitional forms in the life-stage of TNCs. If the clearance of apoptotic cells is one of the main functions of TNCs (AGUILAR et al., 1994) , the clustering among these epithelial cells may happen at their late stage of clearing apoptotic bodies as reported in the case of macrophages (FUJITA et al., 1983; KOTANI et al., 1985) . Otherwise, it may be simply due to the pleiomorphic character of TNCs ( VAN EwIJK, 1988) or the heterogeneity of epithelial cells (VON GAUDECKER et al., 1986) . It is also quite reasonable that both filling and emptying their cell bodies with thymocytes directly influence the morphology and function of TNCs due to the interdependence between thymocytes and surrounding epithelium (BITTER and BOYD, 1993) .
In conclusion, the present study has given clear evidence that TNCs form a rather dynamic microenvironment for T cell development in terms of cellular components and cell migration within TNC complexes. Since the thymomas of BUF/Mna rats are benign tumors (EZAKI et al., 1990) showing no abnormal feature of TNC complexes, this animal model should provide further useful information for analyzing the normal constitution of the thymic microenvironment as well as its roles in the T cell development.
